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Abstract
There is compelling evidence that at least some clusters of galaxies are powerful
sources of non-thermal radiation. In all cases where this radiation has been detected,
a general trend is that high energy densities of cosmic rays and correspondingly low
values of the average magnetic field are required in order to have a self-consistent
picture of the multiwavelength observations. Mergers of clusters of galaxies might
provide large enough cosmic ray injection rates and at the same time provide the
mechanism for the heating of the intracluster medium to the observed temperatures.
In this paper we analyze critically all the components that play a role in the non-
thermal emission of clusters during a merger, with special attention to mergers
occurred in the past of the cluster. We outline the consequences of this model for
high energy gamma ray observations and for Faraday rotation measurements of the
intracluster magnetic field.
1 Introduction
The non-thermal radiation observed in several clusters of galaxies at frequen-
cies varying from the radio (see [1] for a recent review) to the UV to the soft
and hard X-rays, is seriously challenging our understanding. In fact, at least
for clusters with an extended radio halo (for instance Coma) the existence of
a correspondingly diffuse hard X-ray excess was expected, simply on the basis
of the inverse compton scattering (ICS) of the same electron population re-
sponsible for the radio radiation, the latter being due to synchrotron emission
in the intracluster magnetic field. However, after the first positive detection of
an hard X-ray excess in Coma [2], a clear problem arose: the combination of
the synchrotron plus ICS model for the radio and X-ray emissions suggested
a very large cosmic ray energy density and a strength of the intracluster mag-
netic field much smaller that the lower limits imposed by Faraday rotation
measurements [3,4], typically larger than a µG.
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Since the main reason for these problems resides in the synchrotron plus ICS
model, some attempts have been made to look for alternative interpretations
of the hard X-ray excess, in particular invoking the bremsstrahlung emission
from a non-thermal tail in the electron distribution, produced by stochastic
acceleration [5–7]. The X-ray spectra can be fitted by this model without
requiring small magnetic fields, although large injection rates of MHD waves
are needed (compatible with the expectations in a merger of two clusters of
galaxies).
As mentioned above, some clusters also show a UV to soft X-ray excess, which
could also be the result of ICS of low energy electrons, but very large cosmic
ray energy densities are required in this case as well, so that some authors are
now reconsidering the possibility of a thermal origin [8,9].
In [10] it was shown that the overall energy density in cosmic rays in a cluster
is severely constrained by the upper limits on the gamma ray emission of the
cluster, and some new observational tests of 100 GeV - 1 TeV gamma ray
astronomy were proposed, aimed to weigh the non-thermal content of clusters
of galaxies.
A serious effort to find powerful sources of cosmic rays in clusters was done in
[11] (see also references therein): ordinary galaxies, radio galaxies, accretion
shocks and a possible bright phase in the galaxy evolution were investigated,
but the resulting energy densities found there fall short of the ones required
to explain the multiwavelength observations by a factor 10-100. An analysis
of the energetic requirements for the radiating electrons in clusters was pre-
sented in [12] while the corresponding proton component was studied in detail
in [13,11,14]. More recently an increasing interest has been shown for merg-
ers of clusters of galaxies as events responsible for the heating of the cluster,
through the formation and propagation of strong shocks in the intracluster
medium (see for instance [15] and references therein). The basic question that
we want to address in this paper is whether these merger related shocks can
accelerate particles by the first order Fermi mechanism (for a review on Fermi
acceleration see [16]), to the level required to explain the observations at dif-
ferent wavelengths without invoking anything but the synchrotron emission
and ICS and without violating the gamma ray limits, when available. Since
most of the previous calculations concentrated either on the primary electrons
(neglecting electrons produced as secondaries of cosmic ray interactions) or on
the secondary electrons (without considering the electrons directly accelerated
at the shocks), in this paper we will try to include all these components in a
self-consistent way.
The aim of this paper is to draw some general conclusions, as much indepen-
dent as possible of a specific cluster, though we also apply our results to the
case of Coma, as an example.
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The paper is structured as follows: in section 2, we describe our current un-
derstanding of the merger between two clusters of galaxies; in section 3 we
describe our approach to the transport of the electronic and hadronic com-
ponents; in section 4 we summarize the radiation process relevant for the
production of radio, X, UV and gamma rays. In section 5 we study the con-
ditions that result in the observed non-thermal phenomena; in section 6 we
apply our calculations to the case of the Coma cluster. Our discussion and
conclusions are presented in section 7.
2 Clusters mergers: thermal heating and particle acceleration
Mergers between clusters of galaxies are among the most energetic phenomena
in the universe. During the merger event the formation of strong shocks is
practically unavoidable and a substantial fraction of the gravitational energy
is released in the form of heating of the intracluster medium. The overall
energy in the event can be estimated as
Emerger ∼
GM1M2
d
∼ 1.4× 1064
(
M
5× 1014M⊙
)2 (
d
1.5Mpc
)−1
ergs, (1)
where on the left-hand side M1,2 represent the total masses of the two clusters,
and on the right-hand side they have been normalized to the same value of
5×1014M⊙, typical of average clusters. d is a fiducial value for the spatial scale
where the dissipation through collisionless shocks is likely to occur, taken here
to be ∼ 1.5 Mpc. It is easy to verify that Emerger is roughly comparable with
the total thermal energy in the intracluster medium (ICM) of a rich cluster,
which justifies the idea that mergers may play a role in the heating of the
ICM.
The process of heating of the ICM during merger events has been studied
in detail in numerical simulations (e.g. [17–21]). These studies suggest that
the main channel of energy dissipation during a merger is associated with
the heating of the gas, leaving a few tens of percent available for additional
processes as particle acceleration to suprathermal energies. This is consistent
with the usual picture of shock acceleration at supernova remnants, where
1−10% of the kinetic energy of the plasma is transformed into energy of non-
thermal particles. The numerical simulations also provide valuable information
about the fluid dynamics of these shocks: for instance typical velocities of
v ∼> 10
8 cm/s and typical compression factors r ≈ 3 − 4 are achieved [22].
The typical duration of a merger event is therefore tmerger ∼ d/v ∼ 10
9 yrs.
Consequently the total rate of energy release during the merger is Lmerger ∼
Emerger/tmerger ∼ 4× 10
47
(
M
5×1014M⊙
)2 (
d
1.5Mpc
)−1
erg/s.
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Some fraction of this energy (left as a parameter) will be converted to kinetic
energy of suprathermal particles, due to Fermi acceleration. In the following
we estimate the maximum energy of electrons and protons accelerated at the
merger shocks and their spectrum. The acceleration time can be written as
follows:
τacc(E) =
3
u1 − u2
D(E)
[
1
u1
+
1
u2
]
=
3D(E)
v2
r(r + 1)
r − 1
, (2)
valid for any choice of the diffusion coefficient. Here u1 and u2 are the upstream
and downstream velocities of the fluid and r = u1/u2 is the compression factor.
We consider two possibilities for the diffusion coefficient D(E). First we use
the expression proposed in [23]:
D(E) = 2.3× 1029B−1/3µ L
2/3
20 E(GeV )
1/3cm2/s, (3)
where Bµ is the magnetic field in microgauss and L20 is the largest scale in
the magnetic field power spectrum in units of 20 kpc. Here we assumed that
the magnetic field is described by a Kolmogorov power spectrum.
In this case the acceleration time becomes:
τacc(E) ≈ 6.9× 10
13B−1/3µ L
2/3
20 E(GeV )
1/3v−28 g(r) s, (4)
where v8 =
v
108cm/s
and g(r) = r(r + 1)/(r − 1) and v = u1.
For electrons, if the average magnetic field is less than ∼ 3µG, the energy
losses are dominated by ICS off the microwave background, with a loss time
τloss ≈ 4× 10
16/E s, where E is in GeV. The maximum energy of accelerated
electrons is obtained requiring τacc < τloss:
Eemax ≈ 118L
−1/2
20 B
1/4
µ v
3/2
8 g(r)
−3/4 GeV, (5)
The compression ratio r and the velocity v8 are not independent, since
r =
8
3
M2
2
3
M2 + 2
, (6)
valid for an ideal monoatomic gas. Here M is the Mach number of the un-
shocked gas, moving with speed v8.
For protons, energy losses are not relevant and the maximum energy is clearly
determined by the finite time duration of the merger event. Therefore the
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maximum energy for protons will be defined by the condition τacc < tmerger,
which gives
Epmax ≈ 9× 10
7L−220 Bµv
6
8g(r)
−1/2 GeV. (7)
The second possibility for the diffusion coefficient is a Bohm diffusion, well
motivated for the case of strong turbulence. In this case:
D(E) = 3.3× 1022E/Bµ cm
2/s. (8)
This represents the smallest diffusion coefficient (although it can be further
decreased in the case of perpendicular shocks [35]) and implies considerably
larger maximum energies than the ones estimated above. For electrons we
obtain:
Eemax ≈ 6.3× 10
4B1/2µ v8g(r)
−1/2 GeV, (9)
while for protons
Epmax ≈ 3× 10
9Bµv
2
8g(r)
−1 GeV. (10)
If Epmax becomes larger than ∼ 10
10 GeV energy losses due to pair produc-
tion and photopion production on the photons of the microwave background
become important and limit the maximum energy to less that a few 1010 GeV.
Some final comments on the spectrum of accelerated particles are in order.
Standard shock acceleration theory predicts that the suprathermal particles
generated by the Fermi process have a power law spectrum in momentum,
Q(p)dp ∝ p−σdp where σ = (r + 2)/(r − 1). As mentioned above, numerical
simulations predict compression ratios in the range r = 3−4, which correspond
to σ = 2− 2.5 [22].
The classical dilemma of normalizing the electrons and protons spectra exists
here as well as for the much better studied case of supernova remnants. It
is usually assumed (motivated by observations of the relative abundance in
the Galaxy) that at E ∼ 1 GeV the protons overcome the electron number
density by a factor 10-100. More conservatively we introduce a parameter
ξ < 1 representing the ratio of the injection spectra of electrons and protons
(this fraction is later changed by propagation effects).
Theoretically, the motivations for having a small e/p ratio are in the micro-
scopic processes responsible for the acceleration: protons resonate with Alfve´n
waves on a very wide range of momenta, and it is therefore not too difficult to
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extract them from the thermal distribution and inject them into the accelera-
tion region. For electrons this is much harder. Low energy electrons, close to
the thermal distribution, do not interact with Alfve´n waves and some other
modes need to be excited (for instance whistlers) and sustained against the
strong damping. If these wave modes are excited they might be responsible
for the injection of a fraction of the thermal electrons into the acceleration
region. A more detailed discussion of the electron injection at non relativistic
shocks can be found in [24,25] and references therein.
There is a even more general reason for the minor efficiency of electron accel-
eration: a particle is accelerated at the shock only if it can “feel” the shock,
which means that its Larmor radius must be larger than the thickness of the
shock. The latter quantity is determined by the Larmor radius of thermal pro-
tons (see [26,27] and references therein), therefore, for a proton temperature
of ∼ 8 keV, only electrons of energy larger than ∼ 5−10 MeV can be injected
in the acceleration box (note that this value is much larger than the typical
electron temperature in the ICM). In the following we will adopt the value of
5 MeV as a low energy cutoff in the injection spectrum of electrons. Although
the details of the electron injection are still not completely clear, it seems
quite plausible that shock acceleration works more efficiently for the proton
component rather than for the electrons. It is extremely important to keep
in mind a fundamental difference between electrons and protons in clusters of
galaxies: while electrons suffer severe energy losses and they can only trace the
recent activity of the cluster, protons are stored on cosmological time scales
[11,13] without appreciable losses, being therefore able to produce secondary
products (electrons, gamma rays and neutrinos) at any time. It is therefore
of great importance to include the hadronic component in any calculation of
non-thermal phenomena in clusters of galaxies.
3 The transport of non-thermal particles
The passage of the shock through the cluster heats the gas and possibly ac-
celerates a fraction of electrons and protons to suprathermal energies. The
injection spectra are modified by the propagation (diffusion) in the intraclus-
ter magnetic field and by energy losses, therefore the electron and proton
spectra at each time must be calculated by solving a transport equation, in
the form:
∂nj(Ej, r, t)
∂t
=
1
r2
∂
∂r
[
r2Dj(r, Ej)
∂n(Ej , r, t)
∂r
]
+
∂
∂Ej
[bj(r, Ej)nj(Ej, r, t)] +Qj(Ej , r, t) , (11)
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where the index j labels protons and electrons, D is the diffusion coefficient,
in general dependent on energy and distance, bj is the total rate of energy
losses, Qj is the rate of injection of particles, and finally nj is the spectrum
of the j−th component resulting from diffusion and losses. We are assuming
here that the cluster has a spherical symmetry, so that the spatial depen-
dence is all contained in the radial coordinate r. For electrons, the Coulomb,
bremsstrahlung, synchrotron and inverse Compton scattering energy losses
have been included, while for protons the only relevant loss channel is the pp
scattering.
A discussion of the role of the diffusion coefficient is in order: in section 2,
two possibilities were considered and the results for the maximum energy of
accelerated electrons and protons were very different, as expected. Such large
uncertainties in the diffusion coefficient do not affect the solution of eq. (11).
The time evolution of the electron component (both primary and secondary)
is largely dominated by the fast energy losses, so that the use of eq. (3) or
of eq. (8) for the diffusion coefficient makes no difference (in other words, the
first term on the left hand side of eq. (11) is small). For the proton component
the situation is different, because energy losses are very weak. However, the
diffusion times out of the cluster are large, and indeed larger than the age of
the cluster, for the energies that we are interested in. This phenomenon of
confinement of cosmic rays, was widely discussed in [11], where the concept
of clusters of galaxies as “storage rooms” for cosmic rays was first introduced.
It was showed there that the spectra of secondaries (electrons, gamma rays,
neutrinos) depend only on the properties of the injection spectrum of cosmic
rays, and are not affected by the details of the diffusion.
The injection of electrons at the shock is assumed to be a power law in mo-
mentum Qe(p) = f(r)p
−σ, where the function f(r) is taken to be proportional
to the local density profile in the cluster, which can be written as:
ngas(r) =
n0[
1 +
(
r
rc
)2] 32β . (12)
Here n0 is the density in the inner core, rc is the core radius, and β is a phe-
nomenological parameter (see [28] for a review). The normalization constant
in the injection spectrum of electrons, Qe(p), is chosen in order to fit the data.
For the protons the injection spectrum is also a power law in momentum with
the same radial dependence, but the absolute normalization is parametrized
in terms of the ratio ξ of the injection rate of electrons and protons.
Once the spectrum of protons is calculated by solving eq. (11) for the pro-
ton component, the injection spectra of secondary electrons generated by the
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decay of charged pions is completely determined. For secondary electrons the
injection rate Qe is
Qe(Ee, r) =
m2pi
m2pi −m
2
µ
ngas(r)c·
Emaxp∫
Ee
dEµ
Epimax∫
Epimin
dEpi
Epi
Emaxp∫
Eth(Epi)
dEp Gpi(Epi, Ep)Fe(Ee, Eµ, Epi)np(Ep, r) , (13)
where Emaxp is the maximum proton energy (note that our calculations are
insensitive to the exact value of Emaxp ), Eth(Epi) is the threshold energy for
the production of pions with energy Epi and we put
Eminpi =
2Eµ
(1 + β) + δ(1− β)
; Emaxpi = min
{
Emaxp ,
2Eµ
(1− β) + δ(1 + β)
}
,
where δ = m2pi/m
2
µ and β is the velocity of muons in units of the light speed.
The quantity np(Ep, r) is the CR spectrum at distance r from the source, as
given by eq. (11).
The interactions are described by the functions Gpi(Epi, Ep) (the differential
cross section for pions with energy Epi produced in a CR interaction at energy
Ep in the laboratory frame) and Fe(Ee, Eµ, Epi) (the spectrum of electrons in
the decay of a muon of energy Eµ produced in the decay of a pion with energy
Epi). The electron spectrum is given by the following expression:
Fe(Ee, Eµ, Epi) =
1
βEµ
×
×


2
(
5
6
− 3
2
λ2 + 2
3
λ3
)
− Pµ
2
β
[
1
6
−
(
β + 1
2
)
λ2 +
(
β + 1
3
)
λ3
]
if 1−β
1+β
≤ λ ≤ 1,
4λ2β
(1−β)2
[
3− 2
3
λ
(
3+β2
1−β
)]
−
4Pµ
1−β
{
λ2(1 + β)−
[
1
2
+ λ(1 + β)
]
2λ2
1−β
+ 2λ
3(β2+3)
3(1−β)2
}
if 0 ≤ λ ≤ 1−β
1+β
,


(14)
where we put
Pµ = Pµ(Epi, Eµ) =
1
β
[
2Epiδ
Eµ(1− δ)
−
1 + δ
1− δ
]
, (15)
and λ = Ee/Eµ. The above expression for Fe takes into account that the
muons produced from the decay of pions are fully polarized (this is the reason
why the pion energy Epi appears in the expression for the electron spectrum
from the muon decay).
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Determining the pion distribution in the low energy region (pion energies
close to the mass of the pions) is not trivial. A satisfactory approach to the low
energy pion production was proposed in [29,30] and recently reviewed in [31] in
the context of the isobaric model. The detailed and lengthy expressions for Gpi
that we used are reported and discussed in details in [31] (see their Appendix).
Thus, following [31], we use here their model for collisions at Ep ∼< 3 GeV.
For Ep ∼> 7 GeV we use the scaling approximation which can be formalized
writing the differential cross section for pion production as
dσ/dEpi = (σ0/Epi)fpi±(x), (16)
where σ0 = 3.2 · 10
−26 cm2, x = Epi/Ep. The scaling function fpi±(x) is given
by
fpi±(x) = 1.34(1− x)
3.5 + e−18x. (17)
In this case the function Gpi coincides with the definition of differential cross
section given in eq. (16).
From the discussion above, it is clear that in the case of secondary electrons
the transport equations for protons and secondary electrons are coupled.
In the following sections we will solve the transport equations for the different
components using some fiducial values for the basic parameters for the cluster
merger, and for different possibilities for the time evolution of the merger
event.
4 Non-thermal radiations
In this section we briefly summarize the mathematical basis for the calculation
of the radio, UV, X-ray and gamma ray spectra. Four processes are involved in
the production of the radiation: a) synchrotron emission; b) inverse Compton
scattering, c) pion production and decay, and d) bremsstrahlung of primary
and secondary electrons. We discuss them separately.
4.1 Synchrotron emission and radio radiation
High energy electrons produce radio radiation in ∼ µG magnetic fields by
synchrotron emission. The energy generated per unit time, per unit volume,
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per unit frequency ν is given by [32]
L(ν) =
31/2e3B
mec2
∫
n(γ, r, t)R(x)dγ, (18)
where e and me are the electron charge and mass respectively, B is the mag-
netic field, c is the speed of light and ne is the solution of the transport equation
for electrons (primaries or secondaries) with kinetic energy mec
2(γ−1) at the
position at distance r from the cluster’s center at the time t. The function
R(x) is defined as
R(x) = 2x2
{
K4/3(x)K1/3(x)−
3
5
x
[
K24/3(x)−K
2
1/3(x)
]}
(19)
and the Ky’s are modified Bessel functions. The variable x is function of γ
through x = ν/(3γ2νc), where the critical frequency is νc = eB/(2πmec).
4.2 Inverse Compton Scattering (ICS)
The electrons of relevance in clusters of galaxies produce photons by ICS off
the CMB background in a wide range of accessible frequencies, from UV to
soft X-rays to hard X-rays and gamma rays.
The particle number density per unit volume, per unit time, per unit photon
energy Eph at distance r from the cluster’s center is given by
Qph(Eph) =
12πσT
hEph
∞∫
1
dγne(γ, r, t)
1∫
0
dxG(x)J
(
Eph
4γ2hx
)
, (20)
where σT is the Thomson cross section, G(x) = 1 + x+ 2x ln x− 2x
2 and
J (ν˜) =
2hν˜3
c2
1
exp(hν˜/(kTCMB))− 1
(21)
is the brightness of the CMB background at temperature TCMB.
4.3 Neutral pion production and decay
Gamma rays are produced by the decay of neutral pions (π0 → γγ) gener-
ated in pp inelastic interactions. This channel usually provides an important
contribution to the gamma ray fluxes above ∼ 100 MeV.
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The emissivity in gamma rays at distance r and energy Eγ is given by
jpi
0
γ (Eγ, r) = 2nH(r)c
Emaxp∫
Eminpi (Eγ)
dEpi
Emaxp∫
Eth(Epi)
dEpGpi0(Epi, Ep)
np(Ep, r)
(E2pi −m
2
pi)
1/2
, (22)
where Eminpi (Eγ) = Eγ + m
2
pi0/(4Eγ). We refer to [31] for the expression of
Gpi0(Epi, Ep) in the low energy collisions (E ≤ 3 GeV), while we use the scaling
approach given in eqs. (16) and (17) for Ep > 7 GeV, with fpi0 = (1/2)fpi±.
4.4 Bremsstrahlung
The flux of gamma rays due to bremsstrahlung of primary and secondary
electrons is given by
jbremγ (Eγ , r) = ngas(r)c
Emaxp∫
Eγ
dEene(Ee, r)
dσ
dEγ
(Ee, Eγ), (23)
where the differential cross section can be approximated as
dσ
dEγ
(Ee, Eγ) = 2.6 · 10
−26/Eγ . (24)
5 The non-thermal side of mergers
Mergers are able to heat the ICM to the observed temperature through the
formation of collisionless shocks. In the same process, some fraction of the
thermal particles acquires a suprathermal energy distribution, by first order
Fermi acceleration at the same shocks, so that relativistic particles are likely
to be generated during the merger. In this section we study the non-thermal
appearance of a cluster for different scenarios of a merger.
Since it is not our purpose to study a specific cluster in detail, we will choose a
set of fiducial values for the parameters and use those values in our calculations
in order to derive some general trends. The dependence of the values of the
parameters will be discussed. The total merger luminosity is taken from eq.
(1), the magnetic field is taken to be B = 0.15µG, but the effect of higher
fields is studied too. We emphasize the fact that observations force to use
these low fields if the X-ray emission is interpreted as ICS. Therefore one must
either believe the results of Faraday rotation measurements (larger fields) and
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look for alternative interpretation of the hard X-ray excess or have a good
reason to discard the results of Faraday rotation measurements and maintain
an ICS interpretation for the hard X-ray excess. Indeed it is quite simple to
understand this effect: both the radio and ICS fluxes depend linearly on the
energy injection rate in the form of electrons, but the former scales with the
magnetic field as B1+γ/2, where γ is the power index of the electron injection
spectrum. Therefore, at fixed X-ray (ICS) flux, the radio flux increases very
fast with increasing B. For instance for a magnetic field of 1µG the radio flux
would increase by a factor ∼ 60 in comparison to the case B = 0.15µG (we use
here γ = 2.32). This can be seen in another way: if the radio flux is explained
in terms of a µG magnetic field, then the X-ray (ICS) flux will be ∼ 60 times
smaller than for the case B = 0.15µG. If B = 5µG the factor 60 becomes
∼ 2000.
For clusters which are experiencing a current merger, the non-thermal activity
strongly depends on the stage at which the merger is observed. In these cases
there are usually strong signatures that particle acceleration is occurring (see
the case of A3667 [33]), and they could be used as a testing facility for the ideas
presented in this paper. However they represent a subsample of the clusters
which show non-thermal activity.
The interesting and most likely case is that of a merger occurred in the past,
since most or all of the clusters are supposed to have had at least one merger
during their lifetime. It is easy to understand that the results will depend
on the time from the merger, when compared with the cooling time of high
energy electrons. After ∼ 109 yrs the high energy electrons responsible for the
radio and hard X-ray emissions will have cooled through ICS and synchrotron
emission, so that the observed spectra will have no radio and hard X-ray
emission or have a very weak one. On the other hand electrons will have piled
up at low energy, providing a bulk of potentially powerful UV and soft X-
ray emitters. Cluster mergers which occurred ∼ 109 years ago will be on the
boundary and might or might not show high energy non-thermal emission.
These conclusions are based on the primary electrons only, and have also been
derived in some different form in [32]. A crucial question is what happens to
the hadronic component. In fact, protons do not lose energy in appreciable
way on the time scales we are interested in [11,34,23]. Therefore, even if they
have been injected in the cluster during a merger in the very past, they are
still efficient in generating secondary electrons and high energy radiation at
present.
This is a very solid conclusion: if all clusters have experienced a powerful
merger at some point of their lifetime, then all of them should have to some ex-
tent non-thermal activity, because the proton-induced electron spectra cannot
be depleted by energy losses. In other words the secondary electron injection
is continuous even if the proton injection occurred in the past of the cluster.
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The detectability of this radiation depends on conditions which are specific of
the single clusters.
Here we formally calculate the contribution of primary and secondary electrons
for different times elapsed from the last merger and show more rigorously what
stated above.
The technique used in the calculations is the one illustrated in the previous
sections: we inject an electron and proton component, both having a spec-
trum modelled as a power law in momentum and such that the ratio of the
two spectra at injection is given by the parameter ξ (since the spectra are
both power laws in momentum this ratio is kept at all momenta). Some com-
ments are required about the total energy content of the electron and proton
components: the total energy density injected per unit time in the component
i (i =protons, electrons) is
Ei =
∫
pmin
dpq0p
−γǫ(p), (25)
where we wrote both electron and proton spectra in the form q0,e/pp
−γ
e/p. For the
purpose of an order of magnitude estimate let us assume that the energy ǫ(p)
of a particle with momentum p can be approximated by p2/(2m) for p < m
and by p for p > m. In this case it is easy to show that the ratio of energy
injections is
Ee
Ep
≈
2ξ(3− γ)
4− γ
(
pmine
mp
)−γ+2
. (26)
For the value γ = 2.32 that we use here (correspondent to r = 3.27, compat-
ible with the values found in numerical simulations), and for pmine ≈ 5 MeV,
obtained above, we obtain Ee/Ep ≈ 4.3ξ. In other words, if the number density
in protons is larger at fixed p by a factor 1/ξ = 10 (100), the correspondent
energy injection rate in protons is a factor 2.3 (23) larger than the energy
injection rate in electrons. The correspondent ratio of the rate of injections of
particles is Qe/Qp ≈ ξ(p
min
e /p
min
p )
−γ+1. If we take the minimum kinetic energy
of the protons to be ∼ 20 keV, and γ = 2.32 we have Qe/Qp ≈ 1.3ξ = 0.13
(0.013) for ξ = 0.1 (0.01).
Both injections are assumed to occur in a way proportional to the local gas
density in the ICM. There is a theoretical justification for this: if the only
discrimination between a particle that can be accelerated and one that cannot
is in the particle energy, and if we assume that the temperature of the cluster
is the same at all points, then the fraction of particles energized at the shock
must be simply proportional to the local gas density. This simple picture
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might be modified because the injection of particles in the acceleration region
is thought to occur through resonant scattering with waves, and these waves
might be damped more efficiently in the denser regions of the cluster.
For the protons, the rate of secondary electrons is consistently calculated and
used in the transport equation to calculate their effective local spectrum at
each time. A very important point must be noticed: after the proton injection
has stopped (the merger is over) the rate of production of secondary electrons
does not change with time, because diffusion is too slow to allow the proton
escape from the cluster, and the energy losses of protons do not affect their
spectrum. By all means the protons work as a continuous source of “new”
electrons in the cluster, even if the process that generated them is no longer
operating.
Our results are summarized in Figs. 1 and 2 showing the radio emission and
the UV plus X-ray emission of the cluster, for a typical distance of 100 Mpc
(the results can be easily rescaled to an arbitrary distance). In Fig. 1 the
dashed thin lines represent the radio emission from the primary electron com-
ponent 0, 5 × 108 and 109 yrs after the injection of new particles is finished
(as indicated on the plot). These lines are obtained by adopting a diffusion
coefficient as in eq. (3) with v8 ≈ 4.8 and L20 = 25 (500 kpc). The thick
dashed line represents the radio flux from primary electrons at t = 0 in the
case of Bohm diffusion [eq. (8)]. It can be clearly seen that only the tail of
the radio spectrum is affected by the choice of a different diffusion coefficient
(because in this second case the maximum energy of the primary electrons is
larger) while the lower frequency spectrum remains almost unaltered (within
10 − 20%), although the two diffusion coefficients are very different. For the
curves describing the radio emission at later times, there is no difference as a
result of a different choice of the diffusion coefficient. The solid lines represent
the radio emission from secondary electrons for the indicated values of ξ. Due
to confinement of the primary cosmic rays, these curves are not affected by
the choice of the diffusion picture [11]. All the curves mentioned above are
obtained for a magnetic field of 0.15µG, but it is important to show the effect
of larger fields. As a reference, we plotted as a dash-dotted curve the radio
flux for a magnetic field of 1µG. We find that the rate of injection of electrons
must be ∼ 60 times smaller than before to generate the same radio emission
as for the case B = 0.15µG. This has important consequences for the X-ray
fluxes (see below).
It is immediately clear that already after 5 × 108 yrs the radio emission is
limited to frequencies less than ∼ 30 MHz, not easily accessible to observa-
tions, and after 109 yrs, the emission is negligible above ∼ 5 MHz. There is
no way that primary electrons can produce a persistent radio emission up to
a few GHz (as in the case of Coma) if the merger event ended more that ∼ 20
million years ago. On the other hand the radio emission due to secondary elec-
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Fig. 1. Radio fluxes from a cluster at 100 Mpc distance. The three dashed thin lines
refer to primary electrons at different times after the merger, as indicated. The solid
lines are the contributions of secondary electrons for two values of ξ. The dashed
thick line is the radio flux from primary electrons at t = 0 in case of Bohm diffusion.
The dash-dotted line is the synchrotron emission from primary electrons at t = 0 in
the case B = 1µG.
trons is irreducible. It persists in the cluster even if the merger occurred at the
beginning of the cluster hystory and it is appreciable even for the conservative
value ξ = 0.1. The solid curves in Fig. 1 remain unchanged with time, after
the end of the merger event.
In Fig. 2 a similar situation is illustrated for the range of energies between 100
eV and 100 keV. The thick solid curves represent the bremsstrahlung emission
of a gas of thermal electrons at 8 keV and 4 keV temperature, as indicated. The
dashed lines represent the contribution due to ICS of the primary electrons
off the photons of the cosmic microwave background, for three different times
after the end of the merger. It is possible to see that the X-ray excess at
EX > 30 keV (10 keV) is basically negligible for times larger than ∼ 10
9 years
after the merger for a temperature of 8 keV (4 keV). Clearly the non-thermal
fluxes are more prominent in the lower temperature case.
As for Fig. 1, the dash-dotted line represents the X-ray flux from primary
electrons for a magnetic field of 1µG, immediately after the end of the merger
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Fig. 2. X-ray fluxes from a cluster at 100 Mpc distance. The thick solid lines are the
thermal bremsstrahlung emission of the thermal gas at a temperature of 8 KeV and
4 keV. The other curves are the ICS constribution of non-thermal electrons (labelled
as in Fig. 1). The dash-dotted line refers to the case B = 1µG, to emphasize the
fact that X-ray fluxes are suppressed for high magnetic fields.
event. We can clearly see that the X-ray flux in this case is about ∼ 60 times
lower than for the case B = 0.15µG.
The ICS contribution due to secondary electrons is not time dependent and
is therefore present even if the merger occurred at the epoch of the cluster
formation. If the primary electrons are responsible for the hard X-ray excess,
then we have to be in a quite narrow window of times after the merger, oth-
erwise the contribution fades away due to electron energy losses. The possible
small excess at energies below ∼ 1 keV is not appreciably time dependent.
This is due to the fact that the cooling time for the low energy electrons is
relatively long. One comment that is probably worth making is the following:
if one compares the results in Figs. 1 and 2, it is possible to note that, for
instance 5 × 108 yrs after the end of the merger, the radio flux in the region
accessible to observations is basically absent, while there is an appreciable X-
ray flux below ∼ 1 keV and above 20−30 keV. This implies that the detection
of an X-ray excess without a corresponding radio excess does not automati-
cally imply an upper limit on the magnetic field. This should be taken into
account when an upper limit on the magnetic field of a cluster is derived from
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these considerations [36], by imposing that the radio emission is too low to be
detected.
Any model for the soft or hard X-ray emission must face the gamma ray
limit. The gamma ray emission from a cluster at 100 Mpc is plotted in Fig.
3. The thick solid lines represent the gamma ray fluxes due to pion decay in
pp scattering for ξ = 0.1 (curve Pion01) and ξ = 0.01 (curve Pion001). The
three dashed lines represent the gamma ray flux due to bremsstrahlung of
the primary electrons at the three different times used in Figs. 1 and 2. The
dash-dot-dot-dotted lines are the fluxes of gamma rays due to bremsstrahlung
emission of the secondary electrons for ξ = 0.1 (curve BS01) and ξ = 0.01
(curve BS001). The thin solid lines are the gamma ray fluxes due to ICS of
the secondary electrons. The upper curve is for ξ = 0.01 (ICS001) and the
lower curve is for ξ = 0.1 (ICS01). All these cases are referred to eq. (3) as
diffusion coefficient but are not appreciably affected by other choices. For the
ICS of primary electrons the situation is different: in the diffusion scenario
adopted here [eq. (3)] the maximum energy of the primary electrons is too low
to generate appreciable gamma ray fluxes in the GeV region. However, for a
bohm diffusion [eq. (8)] the maximum energy becomes large enough and the
correspondent gamma ray flux is plotted in fig. 3 as a dotted line.
It is easy to recognize the strength of the gamma ray limit. Note that even if
the total energy in primary electrons is only ∼ 1 − 3% of the merger energy
input, the gamma ray fluxes are comparable with the EGRET sensitivity (for
a distance of 100 Mpc). Moreover, if the maximum energy of the primary
electrons is larger than ∼ 200 GeV, a large gamma ray flux is produced by
ICS.
Another feature which is evident from Fig. 3 is that while the gamma ray
fluxes at energies above ∼ 1 GeV contributed by primary electrons fastly fade
away, the contribution of gamma rays from pion decay and ICS of secondary
electrons remains important. Actually, as proposed in [10], the flux of gamma
rays above 10 − 100 GeV can be used as a direct tool to weigh the cosmic
ray energy content of clusters. This is due to the fact that a) protons do
not lose energy appreciably, b) the spectrum of the gamma rays from pion
decay follows the same spectrum of the parent protons at high energy, c) the
spectrum of electrons and therefore also the spectrum of the bremsstrahlung
emission, is steepened by the electron energy losses, so that their contribution
at high energy is negligible.
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Fig. 3. Gamma ray fluxes from a cluster at 100 Mpc distance. The dashed lines
are the bremsstrahlung contribution from primary electrons at different times after
the merger, the thick solid lines represent the gamma rays from pion decay for
ξ = 0.1 (curve Pion01) and ξ = 0.01 (curve Pion001), the dash-dot-dot-dotted
lines represent the bremsstrahlung emission from secondary electrons for ξ = 0.1
(curve BS01) and ξ = 0.01 (curve BS001). The thin solid lines represent the ICS
contribution from secondary electrons for ξ = 0.1 (curve ICS01) and ξ = 0.01
(ICS001). The dotted line is the ICS gamma ray flux from primary electrons at
t = 0 for a Bohm diffusion coefficient. At later times this contribution rapidly fades
away.
6 The case of the Coma cluster
As an application of the calculations illustrated above, we present the case of
the Coma cluster, where excesses in UV and X-rays are detected, as well as a
radio halo extended up to frequencies of a few GHz. In the merger model this
situation can be realized if the merger has just occurred, and indeed there are
some indications that this might be the case for Coma.
If Fig. 4 we plotted the results of our calculations for the radio emission, on
top of the data points obtained in [37]. The (solid) line that fits the data is
the contribution of the primary electrons with an injection rate correspondent
to ∼ 2% of the total luminosity of the merger Lmerger when the magnetic
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field is 0.15µG. The dash-dotted line represents the case B = 1µG, in which
only 0.03% of Lmerger is needed to explain the radio observations. Lmerger has
been estimated as the ratio of the total thermal energy in the cluster within
1 Mpc from the center, and the merger duration (∼ 109 yrs). The number we
obtained can be considered as an upper limit, since the gas was presumably
already hot before the merger. The diffusion coefficient was chosen as in eq. (3)
with v8 ≈ 4.8 and L20 ≈ 10 (200 kpc, correspondent to the typical distance
between two galaxies in Coma). These values were chosen only in order to
obtain a maximum energy for the primary electrons large enough to generate
GHz radio waves. In the case of Bohm diffusion this problem does not appear,
but there is no cutoff at GHz frequencies (see fig. 1).
Fig. 4. Radio emission from the Coma cluster. The data points from [37] are well
fitted by the primary electron synchrotron emission for B = 0.15µG. The other two
solid curves represent the contribution of secondary electrons for ξ = 0.1 (lower
curve) and ξ = 0.01 (upper curve), again for B = 0.15µG. The dash-dotted line is
the synchrotron flux from primary electrons for B = 1µG.
The two bottom lines in Fig. 4 are the contribution of the secondary electrons
for ξ = 0.1 (correspondent to ∼ 5% of Lmerger) and ξ = 0.01 (corresponding
to ∼ 46% of Lmerger).
The corresponding ICS contributions to UV and soft/hard X-rays are plotted
in Fig. 5, together with the thermal contribution from a gas at the temperature
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of Coma (thick solid line). The data points are from Beppo-SAX, while the
dark region is an estimate of the soft X-ray/UV flux [38]. The thin solid line is
the ICS contribution of primary electrons for B = 0.15µG: both the UV and
hard X-rays are quite well described by this curve. The two dashed lines are
the ICS fluxes of secondary electrons for ξ = 0.1 (lower curve) and ξ = 0.01
(upper curve). The dash-dotted line is the ICS flux from primary electrons
for B = 1µG. It is evident that in this case the relativistic electrons give a
negligible contribution to the X-ray flux, therefore, for the large fields found
by Faraday rotation measurements, ICS cannot be invoked as an explanation
of the hard X-ray excess. For fields even higher than 1µG clearly the problem
becomes more evident.
Fig. 5. X-ray emission from the Coma cluster. The data points are from [2]. The
solid thick line is the bremsstrahlung emission of thermal gas, the solid thin line is
the ICS flux from primary electrons, and the two dashed lines are the ICS fluxes
from secondary electrons for the two usual values of ξ and B = 0.15µG. The dark
region is an estimate of the low energy X-ray excess from [38]. The dash-dotted line
is the X-ray flux expected from primary electrons for B = 1µG, too small by a factor
∼ 60.
Is the low magnetic field situation compatible with the gamma ray bound? In
Fig. 6 we plotted the gamma ray flux from Coma, separating the contribution
of the bremsstrahlung from the primary electrons (thick line) and secondary
electrons (dash-dotted lines), the pion decay for the usual two values of the
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parameter ξ (thin solid lines) and the ICS of the secondary electrons (dashed
lines). The dotted line represents the ICS flux from primary electrons when
a Bohm diffusion is used. In the other case, for the reasons explained above
there is no gamma ray flux due to ICS of primary electrons. The gamma ray
flux at ∼ 100 MeV exceeds the EGRET upper limit [39] by a factor ∼ 2−4 for
the diffusion coefficient in eq. (3) and by a factor ∼ 15 for the Bohm diffusion.
Fig. 6. Gamma ray fluxes from the Coma cluster. The EGRET upper limit is from
[39]. The solid thin lines are the result of pion production for ξ = 0.1 (lower curve)
and ξ = 0.01 (upper curve). The solid thick line is the bremsstrahlung contribution
of primary electrons. The dashed lines are the ICS fluxes from secondary electrons
for ξ = 0.1 (lower curve) and ξ = 0.01 (upper curve). The dotted line is the ICS
gamma ray flux from primary electrons in the case of Bohm diffusion.
The estimate of the gamma ray excess at 100 MeV may be affected by the
assumptions on the spatial distribution of the injected cosmic rays, but it is
difficult to envision how to reduce the predicted flux in such a way that the
results become compatible with the EGRET limit. It is worth to stress again
the role of current and future gamma ray detectors to clarify the origin of the
non-thermal radiation from clusters of galaxies, as already discussed in [10]:
if the flux of gamma rays from Coma is just below the EGRET upper limit,
additional efforts for its detection would certainly help in understanding the
source of the radiation at other wavelengths.
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7 Discussion and Conclusions
The role of mergers of clusters of galaxies for the heating of the intraclus-
ter gas has already been recognized through observations as well as through
numerical simulations. The heating mainly occurs due to the formation of col-
lisionless shocks, whose presence shows up in simulations and in observations
through the appearance of hot rims. Being the typical compression factor of
these shocks in the range r ∼ 3 − 4, they may be of some relevance for the
acceleration of a fraction of the thermal gas to ultra-relativistic energies, by
first order Fermi acceleration.
We studied here the non-thermal radiation generated by electrons and protons
energized at a typical merger shock in a generic cluster. The aim of this cal-
culation was not to consider a specific case, but rather to draw some general
conclusions about the role of mergers as sources of the non-thermal radiation
recently detected from several clusters of galaxies.
The main problem with reaching this goal is that mergers are short events
on cosmological time scales, but relatively long duration events on the scale
of energy losses of electrons in the CMB bath. Therefore, whether a merger
can induce or not an appreciable flux of non-thermal radiation through ICS
and synchrotron emission of high energy electrons depends on how long ago
the cluster merger occurred, in terms of acceleration of new particles. This is
not true for the secondary electron component, generated through the decay
of charged pions in pp interactions. Due to the confinement of cosmic ray
protons in the cluster [11], the contribution to the non-thermal radiation, due
to secondary electrons is basically time independent after the end of the merger
event.
A possible summary of the results obtained here is as follows:
i) As shown in Fig. 1, the radio emission due to primary electrons is dra-
matically time dependent. If the injection of newly accelerated particles ends
(the merger is over), after 5 × 108 yrs the radio emission above ∼ 30 MHz
has already disappeared. The radio emission due to secondary electrons is a
function of the ratio of protons to electrons, but, as illustrated in Fig. 1, this
contribution is appreciable for a cluster at a typical distance of 100 Mpc. As
stated before, this emission is time independent, therefore, if a diffuse radio
emission is detected in a cluster where there is no current evidence of a very
recent merger, this would indicate the presence of a substantial relativistic
hadronic component in the intracluster medium.
ii) As far as the X-ray emission is concerned, it is quite well proven that the
bulk of the X-ray radiation from clusters of galaxies is due to bremsstrahlung
of thermal electrons at a temperature of 107 − 108 K. The soft and hard X-
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ray and the extreme UV excesses recently detected from some clusters need
further investigation: for the UV excess, there seem to be different tendencies,
from a thermal interpretation [8,9] to a ICS interpretation [40,6]. In the hard
X-ray region the evidence for an excess seems to be more solid. In Fig. 2 we
plotted the ICS contribution in the region of interest, by dashed lines (for
B = 0.15µG). Although after 5 × 108 yrs the X-ray flux above ∼ 30 keV
is considerably reduced, it seems still appreciable, while, as stated above, the
correspondent radio flux above 30 MHz has faded away. This means that there
is a time window where there might be X-ray activity and no radio flux. In this
case it is not possible to extract upper limits on the magnetic field from the
absence of radio emission. The dash-dotted line refers to the case B = 1µG
and makes clear that large magnetic fields considerably decrease the amount
of non-thermal X-ray emission.
The X-ray flux generated by ICS of secondary electrons may be appreciable,
and, as for the radio flux, it is time independent, so that it is still present
even when the whole contribution from primary electrons has disappeared.
Fig. 2 also makes clear that it is more promising to look for non-thermal
excesses in lower temperature clusters, where the contribution due to thermal
bremsstrahlung disappears at lower energies, leaving the hard X-ray fluxes to
dominate.
iii) What is the overall energy requirement in order to have reasonably large
non-thermal fluxes and how large can the magnetic field be? We found that
a few percent of Lmerger in the form of accelerated electrons can explain the
observations if the merger is very recent (see for instance the case of Coma in
section 6). This issue is directly related to the strength of the magnetic field in
the ICM. This is an open issue: it is not easy to envision a simple reason why
Faraday rotation measurements (that always provide a result smaller than
the “real” field) actually give values higher or even much higher [3,4] than
the field required to explain the multiwavelength observations of clusters. At
present there is no theoretical argument that may help in estimating the value
of the magnetic field in clusters, since its origin is a complete mystery. The
intracluster field might be cosmological [41], or might as well be generated
in shock waves during the process of formation of large scale structures [42]
or expelled by radio galaxies [43,44] or by galactic winds [45,46]. In any case
the theoretical input on this issue is not significant and the main source of
information on the magnetic field is either through indirect measurements
(radio plus X-rays) or by measurements of the Faraday rotation, and as we
stressed above, these two methods give results which do no seems compatible
with each other.
The need for small magnetic fields is common to all models based on ICS (for
the hard X-rays) and synchrotron (for the radio emission) and is not limited
to cluster merger scenarios. This seems to us as a strong argument against this
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class of models, that should stimulate the search for alternative explanations.
The problem is evident from Figs. 1 and 2: the dash-dotted lines are the non-
thermal fluxes for the case B = 1µG; the radio emission can be at the same
level as in the case B = 0.15µG, with about 60 times less electrons, but the
X-ray fluxes are correspondingly lower by a factor 60.
Is there any way to reconcile the results of Faraday rotation measurements
with the magnetic field required by non-thermal observations? One possibility
is that regions of very high magnetic field are separated by regions where
the magnetic field is lower. In these conditions the Faraday rotation might
be affected mainly by the strongly magnetized regions while the hard X-rays
would come from the low field regions. This scenario might imply a phase
separation in the intracluster medium, which is actually observed in some cases
(see for instance [47]). However such a situation does not seem to be happening
in clusters like Coma or other clusters that show non-thermal activity and
appear relaxed. Moreover, the flux of hard X-rays is basically independent of
the magnetic field (it is the normalization between X-rays and radio emission
that implies low magnetic fields), therefore the large gamma ray fluxes studied
in section 6 would not be affected by this argument, and in the case of the
Coma cluster the predicted gamma ray fluxes would still be in excess of the
EGRET upper limit.
For this reason gamma ray observations can be considered as a more solid con-
straint on the total amount of energy that can be injected in the cluster (there-
fore indirectly also on the strength of the average magnetic field). Gamma ray
emission in a cluster is produced mainly by a) bremsstrahlung emission of pri-
mary and secondary electrons, b) ICS of primary and secondary electrons, and
c) decay of neutral pions generated in pp interactions. The results are plotted
in Fig. 3: the bremsstrahlung of primary electrons fades away quite rapidly,
but it remains important below a few hundreds MeV, accessible to EGRET.
The bremsstrahlung of the secondary electrons is usually quite small. A very
important contribution to the gamma ray emission is provided by ICS of the
secondary electrons. It is worth recalling again that this flux is not time depen-
dent, therefore it does not fade away with time, even if the merger occurred in
the distant past of the cluster. The same is true for the gamma ray emission
due to pion decay. The ICS contribution of primary electrons depends on the
maximum energy of the electrons, which is in turn affected by the choice of
the diffusion coefficient.
To make the prediction more quantitative, we applied our calculations to the
case of the Coma cluster. For a merger that just ended, the radio flux can
be fitted quite well by the synchrotron emission of primary electrons. The
results are plotted in Fig. 4. The cut off at a few GHz is here the result of a
cutoff in the spectrum of the accelerated electrons and it could be absent for
a different model of diffusion (the existence of the cutoff in the observations
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has been questioned anyway in [48]). The value of the magnetic field required
to fit simultaneously the radio and hard X-ray emission is B = 0.15µG for
an emission volume of 1 Mpc. With these parameters the soft X-ray and UV
excesses are also of the correct order of magnitude. A larger field of B = 1µG
is used to obtain the dash-dotted line, corresponding to a rate of injection of
electrons ∼ 60 times lower than in the previous case. For B = 1µG the X-ray
flux by ICS is ∼ 60 times too small to explain the BeppoSAX observations
(Fig. 5).
What is the role of protons in the Coma cluster? With the parameters used
above, the contribution of secondary electrons to both radio and hard X-ray
emission is small, but for ξ = 0.01 the EGRET upper limit to the gamma
ray flux above 100 MeV is saturated. Indeed this limit is exceeded by the
bremsstrahlung of primary electrons added to the ICS emission of secondary
electrons (Fig. 6) and possibly of primary electrons (if their maximum energy
is large enough).
What happens if the merger occurred more than, say, 109 yrs ago? In this
case, as discussed above, the contribution of primary electrons has bocome
negligible by now, therefore the secondary electrons must be responsible. From
Figs. 4-6 we see that this implies a large energy injection in cosmic ray protons,
resulting in a flux of gamma radiation with energy larger than 100 MeV which
is in excess of the EGRET limit. Even if the merger occurred very recently the
gamma ray fluxes are close to or even in excess of the EGRET upper limit.
From the discussion above, it is clear that the interpretation of the non-thermal
multiwavelength observations from clusters (and in particular from Coma)
based on synchrotron and ICS of relativistic electrons has several severe prob-
lems. Therefore it is natural to look for some alternative explanations. We
address this issue briefly: is it possible that mergers play a role in the pro-
duction of non-thermal radiation and, at the same time, that intracluster
magnetic fields are at the level measured through Faraday rotation keeping
the gamma ray fluxes below the EGRET upper limit? As we showed, if ICS
and synchrotron emissions are used as mechanisms for the production of the
non-thermal radiation, then the answer is likely to be negative. However, in
[5] a viable alternative was presented: during the merger the perturbation of
the magnetic field results in the production of waves that can resonate with
electrons on the tail of the thermal electron distribution. Since waves and
electrons are coupled non-linearly, part of the energy released in the tail of
the Maxwell-Boltzmann distribution ends up in the low energy part of the
electron spectrum and is rapidly redistributed in the form of thermal energy
of the plasma. In other words, it was shown that the thermalization process in
the presence of a magnetic field and a perturbation (e.g. the merger) is not a
simple process, and while the bulk of the thermal electrons is “just” heated up,
the fraction of electrons more weakly bound to the thermal bath can acquire
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a non-Maxwellian distribution. If this happens, then the hard X-rays can be
the result of bremsstrahlung emission of the non-thermal tail [5–7], without
affecting at all the radio emission, that can be generated through synchrotron
radiation of a population of electrons radiating in a magnetic field consistent
with Faraday rotations. The gamma ray fluxes would also be insignificant. This
scenario has two nice features: 1) it provides a unified picture for the heating
process and for the energization of low energy electrons to non-thermal ener-
gies; 2) it explains the thermal and non-thermal X-ray emission in terms of
the same process (bremsstrahlung emission).
In [49] it was proposed a clear way of testing this scenario, by using preci-
sion measurements of the Sunyaev-Zeldovich effect from clusters of galaxies
showing non-thermal activity.
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